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High-Temperature, High-Resolution Measurements

of CO 2 in the Region of 2200 to 2400 cm- 1

1. INTRODUCTION

The technique of Fourier Spectroscopy was used to measure the absorption of

CO 2 in the 4.3- pm region at a temperature of 600'K to a resolution better than

0. 01 cm" 1. The Idealab 2-m path difference interferometer located at AFGL was

used in conjunction with a specially-designed, high-temperature cell. The observed

data were transformed into spectra and compared with simulated spectra calcu-

lated using line parameters contained in the AFGL line compilation. Discrepancies

between measured and synthetic spectra were observed and new line parameters

were computed from the new data for updating the AFGL line compilation. We shall

describe the experimental approach and present the latest results obtained with the

high-resolution, high-temperature system now in operation at AFGL.

2. DESCRIPTION OF INSTRUMENTATION

A high-temperature cell was designed and assembled by the University of

Massachusetts and then coupled to the Idealab 2 m-path difference interferometer

spectrometer located at AFGL. Since the 2-m interferometer spectrometer. as

well as the data handling and processing of interferograms have been described

(Received for publication 26 February 1980)
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pre-iojusly. we shall not describe that aspect of the experirment here. However,

the high-temperature cell \*,ill be described in dctail because of sorp-a of it:-, unique

features and ilso because of its satisfactory performance.

2. I Iigh-Tempcrature Cell l)esign and Performuance

The high-temperature cell that was designed and constructed by the University

of Massachusetts is a triple-pass, I-n long Pfund cell with f/ 14 optics, capable of

operation up to temperatures of 1000°C. Figure 1 is a schematic of the whole hot

cell assembly. The Pfund configuration was decided upon for many reasons; one main

reason being that there is no necessity for elaborate alignment capabilities as re-

quired by other multi-traversal cells (like the White cell) where the number of

passes can be changed by proper re-alignment of the cell mirrors. This was a

critical aspect of the choice of configuration since the cell had to operate up to

1000°C and pressures from 2 to 100 Torr with a temperature gradient of less

than ± 2°C over the central portion, and still maintain alignment throughout the

temperature cycling. Because of the above considerations, it was decided to build

a Pfund cell which would allow path lengths of 3 m to be obtained which is adequate

for our measurements.

RHODIUM COATED
PRIMARY MIRRORS TEMPERATURE CONTROLLED

FURNACE

SSAPPHIRE WINDOW TYP

OPIS CHAMBER

LBELLOWS
Lo I METER ..

INCONEL O-RING TYP
I INTER FE ROME TE R

CHAMBER

Figure 1. Schematic of Pfund Hot Cell and Source Fore-Optics Chamber

1. Sakai, H. (1977) High resolving power Fourier spectroscopy in Spectrometric

Techniques I. G. Vanasse, Ed., Academic Press, N.Y.

Pritchard, J., Sakai, H., and Vanasse, G.A. (1973) AFCRL-TR-73-0233,
AD 759800.

Sakai, H. (1974) AFCRL-TR-74-0571, ADA006688.

6



Consideration then had to be given to the type of material we would use for the

tube to assure that it stood up under the harsh environment and also be easily

machineable and weldable. Series 310 stainless steel has a sublimation tempera-

ture of 1385'C. well above our maximum operating temperature, with a compara-

tively low coefficient of thermal expansion (7. 8 X 10- 6 deg I and excellent

atmospheric resistance to scaling. After preliminaryN tests on small pieces of this

type of steel, it was decided to construct the entire hot-cell portion of the system

out of this material. That is. the hot cell would be of stainless steel ind be sepa-

rate from the furnace which would surround it and heat it up to the required

temperature. Even when the cell temperature reached 1000°C, it was necessary

that the exterior surface of the furnace be at a relatively cool temperature for

personnel safety and interferometer performance.

The furnace itself needed to be cylindrical to accommodate the gas cell and

also allow easy access to the cell and the heater elements for replacement purposes.

As it turned out, we were able to obtain such a furnace from the Mellen Co.,

Webster, N. H. who were able to take one of their stock furnaces and modify it to

meet our requirements.

This furnace has been operating to our requiremence since June of 1979. We

are able to keep the central 1-m section of the tube at a pre-set temperature within

the ± 2°C range for periods of weeks. When turned on, the furnace reached 300'C

in 2 to 3 hr and is completely stabilized after about 5 hours. The central 1-m sec-

tion is monitored by thermocouples buried in the mirror end caps, and another

thermocouple attached to the center of the tube. The temperature drops from 300 0 C

at the hot cell to 50°C at the end bells of the furnace near the windows.

Having met the requirements for the hot cell and the furnace, and since we

wanted to use the cell in a Pfund-type configuration, it was then necessary to decide

upon the kind of substrate to use for the mirrors in the cell. Samples of fused

silica, cervite, and ULE (Ultra-Low Expansion) were tested in a small furnace. The

fused silica and the ULE showed no appreciable transmission or reflection losses

after heating, but the cervite turned milky white and looked very much like Corning

machineable ceramic. Fused silica was decided upon as substrate because of the

above test and also because its coefficient of thermal expansion (0.5 X 10-6 deg-1I

most closely matched that of the 310 stainless steel.

Since most of the standard IR coatings such as aluminum, silver, gold. and so

on, cannot be used at the temperatures mentioned above, it was decided to test the

effect of temperature on the reflectivity of rhodium. After depositing a 500 A thick

film of rhodium on several pieces of polished silica, their reflectivity was measured

in the 2- to 6-gm region; the results were then used for normalization. Aftnr heating

them up to 300°C for a period of 24 hr, letting them cook, aind measuring their

reflectivity under the identical condition as prior to heating. we detected a

*1



deterioration of about 10 percent in reflectivity. The same procedure was followed

for temperatures of 6000C and 10000C and the deterioration in reflectivity was

found to be 30 percent and 70 percent respectively. However, the coatings did not

peel but became discolored at 1000'C. Although this is not an ideal situation, the

throughput of our system is adequate enough to make up for this loss (the deteriora-

tion of the mirrors with temperature would be disastrous for a multiple-traversal

White cell). Two of these mirrors have been in use about 3 months at 300'C and

we still observe about a 10 percent degradation in signal level; which occurred at

the first use of the system.

The mirrors were mounted on a standard-type mirror holder with a ceramic

fiber backing. This thin section of fiber gave the mirror just enough freedom of

movement to prevent cracking. Also the ceramic fiber (made by 3M) has good

chemical resistance and dimensional stability at temperatures well above 1000°C.

For window material we used sapphire because of the prohibitive cost of some other

materials like diamond or magnesium oxide. The sapphire transmits out to 5.8 Aim

and we observed no loss of transmission even when the hot cell was heated to 10000 C

and cooled several times. These windows are heated to approximately 501C and are

mounted on the nose section of the hot cell (see Figure 1) on silicon C)-rings to form

a vacuum-tight seal.

The ends of the main tube (see Figure 1) are sealed with 0-rings which sepa-

rate the main tube from the short section on which the windows are mounted. This

was done in order to be able to remove the short sections and have access to the

cell mirrors for alignment and/or replacement purposes. The 0-rings are gas-

filled Inconel X750 of proper wall thickness, and allow for firm seating since Inconel

is slightly softer than the 310 steel. In fact, the system can sustain a vacuum of

0. 1 Torr for better than 15 hr which corresponds to a typical measurement time

with the interferometer.

2.2 Light Source and Fore-Optics Assembly

The light source used consists of a specially designed chamber with a sapphire

window and containing a tungsten filament heated to a temperature of 20000 C by a

stabilized current and voltage output power supply. Figure 2 shows the enclosure

with the tungsten filament inside it. The main body of the chamber is pyrex and

because of its thermal coefficient being different from sapphire we worked our way

from pyrex to sapphire by using three intermediate kinds of materials as shown in

Figure 2. The tungsten source and relay optics are mounted in a separate vacuum

chamber attached to the hot cell by means of a bellows; this arrangement gives

access to the source and relay optics for alignment purposes without disturbing the

hot cell.

8
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CORNING 7052

CORNING 3320

PYREX

Figure 2. Tungsten Filament
Source Enclosure

SAPPHIRE WINDOW

Slight realignment is required after heating; this is accomplished by peaking

the detector output with a slight movement of the source relay optics. However,

once the system is aligned, the hot cell can be temperature cycled many times and

it will return to the same position each time. This system coupled to the high-

resolution interferometer makes a very unique system for high-temperature, high-

resolution studies of the absorption of atmospheric gases.

3. RESULTS

We shall now present some of the data obtained with the above instrumentation

as well as the analysis which was performed by the University of Massachusetts

under a grant from AFOSR. The experimental information relevant to the present

data consists of:

(1) The reference frequency standard used was obtained from a single-mode

frequency-stabilized He-Ne laser, the SPECTRA PHYSICS model 119. This fre-

quency was measured to be 15798. 00120 cm by Mielenz et al. All line positions

were automatically calibrated against this reference laser frequency in vacuum.

(2) There is an uncertainty 3 ,4.5 in line position because the detector size was

not accounted for; this calculated uncertainty is on the order of 0. 0020 cm- . (The

observed position of the 12C 1602 lines from R16 through R23 of the (0-1) band

differed from those values determined by Guelachvili by 0. 00206 cm- I in average;

which is in agreement with the calculated value of the uncertainty. )

2. Milenz, K. D.. Nefflen, K. N. , Gillilland, K. E., Stepens. R. B., and Zipin, R. B..
(1965) Appl. Phys. Lett. ,7277.

3. Terrien, J. (1958) J. Phys. Radium 19:390.

4. Vanasse, G., and Sakai, H. (1967) Fourier spectroscopy, Progress in Optics
Vol. VI, E. Wolf, Ed., North-Holland.

5. Guelachvili. G. (1973) These, Universite de Paris-Sud.
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The CO 2 molecule exhibits strong absorption in the 2:300 to 2400 ,-m fape i!

region. At room temperature, the observed bands are due to transitions whir-h

involve the vibrational states of relatively low energy. As the gaa; te 'pc ratuCe is

elevated, the levels of higher '.ibrational-rotational energy are populated by m :s

of thermal excitation and the so-called "hot" bands become observable in incr'eased

numbers. At the same time, there is a marked increase in the observable rota-

tional lines for each vibrational band.

In the last few years there have been several studies conducted on the observ-

able CO 2 bands in this spectral region. McCubbin et al 6 determined the molecular

parametees of various transitions sequenced on the 1 3 vibrational mode by observing

the emission spectra. Baldacci et al subsequently conducted absorption studies in

the same spectral region. Both measurements were done using conventional grating

spectrometric techniques. More recently Pine and Guelachvili reported the

molecular parameters for the (00011-00001) band of 12C 1602 which cover from the

P76 line to the R 140 line. They combined two sets of data, one taken at room

temperature using the technique of Fourier spectroscopy for the P and 1R branch

lines of JS 76, and another set taken at an elevated temperature of 986°K using the

technique of Frequency Difference spectroscopy for the R branch lines for

765 JS 140.

The present study was conducted on the absorption spectrum of CO 2 at a9
temperature of B00OK using the technique of Fourier spectroscopy.' With a spec-

tral resolution of 0.006 cm - 1 , our frequency accuracy was on the order of

0.002 cm - 1 . Even though our data for the (00011-00001) band of 12C1602 may be

somewhat inferior to the data obtained by Pine and Guelachvili. the present data are

a large improvement in spectral resolution and line position accuracy over data

taken using grating spectrometers. The molecular parameters G, B. D and H were

determined over a wide range of J values, for both the P and R branches, which

become available due to the elevated temperature.

The absorptance spectrum shown in Figure 3 was obtained with a CO 2 pressure

of 5. 0 Torr at 600' K. It is presented to illustrate the complex structure of the

spectrum and to provide an overview of the thermal excitation at this temperature.

The identification of the lines was made without much difficulty for the major isotope

lines which belong to the vibrational bands normally observable at room temperature.

The molecular parameters given by Benedict and Rothman provided an adequate

base for identifying these lines even for those which originate from an extremely

high J level. A degree of difficulty in identification was considerably increased for

those bands which are weak at room temperature. Most of the hot bands which

originate at a lower state which is higherthan 2000 cm- 1 indicated that the constants

(Due to the large number of references cited above, they will not be listed here.
See References, page 20.)
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givc i b; lienedict :and Hothmaa a iii rat .:,iidtc :t1. 1h ir 1unstnts f,, t,

pobove 2500 cm puvided limited u:Cfl lUes . No iitheless, tlie identi:i -

tion was mude for more than 1600 lin.-e out of approxira:telv 2; ' linu cbscrved -

between 2200 cm and 2400 cm- in the spectrum of .igiure 3.

The result ot" the spectral :rnalx sis conducted on the lines identified is summa-

rized in Table 1. The rotational constants listed in Table 1 provide the position

calculated to produce the best fit for the observed lines. A range of .1 values in

the Q and P branch lines observed and the rms errors between the observed and

the calculated lines for each band are listed together in the table. In determining

these figures. equal weight was assigned to each position observed without discrim-

ination for the least-square-fit computation. We thought that the weight factor which

can be assigned to each line position in the data would be subject to an artificial

decision, and decided that it would be replaced with a binary confidence factor

indicating whether or not the observed line position in question is acceptable. With-

in the range shown in Table 1, very few lines were discarded from the least-square-

error-fit process. The algorithm which we used to find the line center position, was

not as elaborate as the one used by Guelachvili. 1 The uncertainty expected in our

algorithm is about 0.001 cm -l considerably, higher than the figure quoted by

Guelachvili. The rms error figures were somewhat larger than 0.001 cm- prob-

ably because all observed positions were treated equally in our analysis and because

the noise in the obtained spectrum was not negligible.

Four values of the rotational constants G, B, D and 1l of the upper state were

determined for the (00011-00001), (01111-01101), (10012-10002), (10011-10001),
12 16

and (00021-00011) band of C 02. For the rest of the bands listed in Table 1,

five constants, G, B and D of the upper state, and B and D of the lower state, were

determined. These constants were determined by assuming that the vibrational-

rotational level in question is given by

E = G + B J(J+l) - D [J(J+l)J
2 + H 1J(J+l)]

3

Recognizing that a finite error exists in the experimental data (as indicated above)

one must accept that these constants are not uniquely determined for yielding the

least-square-error-fit. A strong, cross-correlation among these constants, that is,

for example, a displacement in B being compensated for by a corresponding dis-

placement in D, usually necessitates an extremely large number of independent data

points to reduce their uncertainty. The spectral data inherently provide an insuffi-

cient set of data points.

11. (onnes. .1. (1971) Proceedings of Aspen International Conference on Fourier
Spertroseopv, pP 110-112. AFCII,-71-0019. AD 22923.
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Table 1 lists two sets of constants for the (00011-00001) band of 12C16() one
10

based on the lower state constants given by Benedict and Rothman, and another
8

based on those by Pine and Guclachvili. 8Within the range between the P106 and

100 lines, both sets produced calculated positions in good agreement with the

observed positions within an rms error of 0. 002 cm -. BY no means do we wish

to refute the constants determined by Pine and Guelachvili which vield a satisfactorv

fit between the P76 and 11140 lines. lHowever, we do wish to point odt that the

rotational constants, B. D and II. are by no means unique in yielding the best fit

to the experimental data. Unique determination of these constants should be subject

to other constants imposed by additional considerations from the field of molecular
12

physics. We believe that these constants can be determined by collecting more

extensive data on the CO 2 vibrational-rotational transitions. In this context, the

constants listed in Table I should be used only to calculate the line positions within

the range specified.

4. CONCLUSION

The technique of Fourier spectroscopy was used to observe the CO 2 absorption

at elevated temperature of 600* K. Many vibrational-rotational transitions of CO 2

thermally excited at this temperature were identified in terms of the rotational

constants and the band center frequency. The data produced were indeed rich,

enabling us to determine these constants using the rotational lines over a region

much wider than any previously published laboratory data. Because of the exten-

siveness of our data, we believe that the identified lines expressed in terms of these

constants will be a definite contribution in the next step for constructing the CO 2

molecular potential for the vibrational-rotational Hamiltonian which produces a

global consistency over many vibrationally excited states.

12. Chihla, Z. , and Chedin, A. (1971) J. Mol. Spectrosc. U:337.
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